Acellular scaffolds from complex whole organs such as lung are being increasingly studied for ex vivo organ generation and for in vitro studies of cell-extracellular matrix interactions. We have established effective methods for efficient de-and recellularization of large animal and human lungs including techniques which allow multiple small segments (∼1-3cm 3 ) to be excised that retain 3-dimensional lung structure. Coupled with the use of a synthetic pleural coating, cells can be selectively physiologically inoculated via preserved vascular and airway conduits. Inoculated segments can be further sliced for high throughput studies. Further, we demonstrate thermography
Introduction
Rapid developments in tissue engineering utilizing decellularized whole organs as biologic scaffolds coupled with advances in stem and endogenous lung progenitor cell biology have offered the potential of using acellular suboptimal donor or cadaveric lungs recellularized with appropriate cell types for ex vivo lung regeneration [1] [2] [3] [4] [5] [6] . Acellular lungs are also powerful in vitro platforms for studying cell-extracellular matrix (ECM) interactions in lung diseases such as emphysema and fibrosis, and in aging [7] [8] [9] . The resulting acellular scaffold retains characteristic disease architecture and recellularization attempts have shown differential responses, consistent with disease phenotypes [7, 8] .
As acellular scaffolds derived from rodent lungs are readily available and easily handled, high-throughput approaches can be utilized to study cell-matrix interaction or to assess the multiple conditions needed for effective recellularization and development of functional lung tissue [5, 7, 10, 11] . However, there is a more limited supply of larger lungs, including those from humans and potential xenogenic sources (e.g. porcine). Further, approaches utilized in rodent models may be insufficient for adequate decellularization of lungs obtained from larger animals and humans. As such, a limited number of reports have examined the feasibility of decellularization in large organs [1, 8, 12, 13] .
Technical difficulties in handling larger tissue represent a major challenge in attempting to scale up rodent model decellularization techniques to porcine and human lungs or lobes. To address this issue, we assessed several methods of decellularization in porcine and human lungs using peristaltic pump-driven flow of decellularization reagents into both the airways and vasculature, with or without physical agitation, and compared these to manual instillations with static incubations, a technique commonly utilized for decellularizing rodent lungs [5, 7, 10, 11] . Optimization of fluid volumes was assessed for each step of the decellularization protocol.
Attempts to recellularize acellular scaffolds of larger lungs present additional hurdles. Recellularization of an entire acellular lobe or lung will require extremely large cell numbers. Supply of adequate nutrients and oxygen to maintain tissue vitality will be particularly challenging. Additionally, study of entire lungs or lobes does not readily lend itself to high throughput studies. Prior approaches have utilized thin slices of acellular human or porcine lungs onto which cells were non-specifically layered or thicker acellular tissue slices into which cells were non-specifically injected [1, 8, 12, 14] . While these studies demonstrated cell survival and even phenotypic changes following inoculation or seeding, these methods do not permit the selected study of cells with their respective ECM components (i.e. endothelial cells introduced into the vasculature or epithelial cells in airspaces). Rather, cells were heterogeneously introduced throughout the acellular scaffold and study of specific cell-ECM interactions is limited.
Methods to introduce cells in a biologically relevant fashion, as done in acellular rodent lungs [1-4, 7, 10, 15-17] (e.g. airway or vasculature instillation), and which allow high throughput study approaches from larger lungs would be a significant step forward. We have developed a method of excising small (∼1-3cm 3 ) segments of acellular human and porcine lung scaffolds that maintain 3-dimensional structure and into which cells can be selectively inoculated via the preserved vascular and airway conduits. Excised segments can be obtained from select regions of the lung to study specific regional cell-matrix interactions. However, as excision of individual lung segments damages the integrity and function of the lung pleura, we have also developed a synthetic pleural coating that encapsulates the recellularized segments to provide an isolated lung unit for culture and analysis. Recellularized segments can then be sliced for high throughput studies or left as 3-dimensional segments.
Methods

Cell Culture
Human bronchial epithelial cells (HBEs) (courtesy of Albert van der Vliet, University of Vermont, originally from Drs. J. Yankaskas and R. Wu) [18] , human lung fibroblasts (HLFs) (ATCC, CCL 171), and human bone marrow-derived mesenchymal stromal cells (hMSCs) (obtained from the Texas A&M Stem Cell Core facility) [19] were cultured and expanded on tissue culture treated plastic at 37°C and 5% CO 2 . Human vascular endothelial cells CBF12 (courtesy of Mervin Yoder, Indiana University -Purdue University Indianapolis), were similarly cultured and expanded on collagen I coated tissue culture plastic. HBEs were cultured in serum free DMEM/F-12 (50/50 mix) (Corning), 10 ng/ml Cholera toxin (Sigma), 10 ng/ml epidermal growth factor (Sigma), 5 µg/ml insulin (Gemini Bio-Products), 5 µg/ml transferrin (Sigma), 0.1µM dexamethasone (Sigma), 15 µg/ml bovine pituitary extract (Lonza), 0.5 mg/ml bovine serum albumin (Life Technologies), and 100 IU/ml penicillin/100 µg/ml streptomycin (Corning). HLFs were expanded in DMEM/F-12 (50/50 mix) (Corning), 10% fetal bovine serum (Hyclone), 100 IU/ml penicillin/100 µg/ml streptomycin (Corning), 2mM L-glutamine (Hyclone). CBF12 cells were grown in cEGM-2 (Lonza) supplemented with 10% fetal bovine serum (Hyclone), and 100 IU/ml penicillin/100 µg/ml streptomycin (Corning). hMSCs were expanded in culture with Modification of Eagle Medium-Earles Balanced Salt Solution (MEM-EBSS) (Hyclone), 20% fetal bovine serum (Hyclone), 100 IU/ml penicillin/100 µg/ml streptomycin (Corning), 2mM L-glutamine (Hyclone), and used only at passages 7 or 8.
Human and Porcine Lungs
Cadaveric human lung lobes were obtained from 33 different patients (a total of 51 lobes) from the autopsy services at Fletcher Allen Hospital in Burlington, Vermont, In addition one failed donor lung was obtained from the University of Arizona, courtesy of Zain Khalpey; and three surgically explanted lungs obtained from patients with interstitial lung disease (ILD, either idiopathic pulmonary fibrosis or autoimmune-associated interstitial lung disease) from Washington University in St. Louis, courtesy of David Hoganson. Lungs were categorized as normal or diseased based on review of available clinical records, including known history of COPD or other lung diseases, smoking history, chest radiographs, and use of respiratory medications. A total of 29 lobes from 19 patients, classified as normal, were utilized in this current study. Clinical characteristics of the lungs and time from death until autopsy are summarized in Supplementary Table 1A . Seven lobes from the three patients with ILD were also used to compare the effect of lung fibrosis on the ability of lungs to be effectively decellularized (Supplemental Table 1B ).
23 porcine heart-lung blocs were obtained at the University of Vermont in Burlington, Vermont from 6-11 week old male Sus Scrofa pigs, courtesy of Helene Langevin, MD under all appropriate IACUC and AAALAC standards. The average time from death until necropsy was 100 minutes.
Decellularization of Human Lungs
Human lung lobes were decellularized by sequential treatment with detergent and enzymatic washes. The sequence of detergent instillations and incubation times is based on previous work reported by us and others [2, 5, 7, 8, 10, 11] . In order to assess optimal means of decellularizing human lungs, individual human lobes were assigned to one of 5 methodological groups: manual instillation of detergents (M), perfusion with varied flow rates from 0.5L/min to 2L/minute (VP), or perfusion with a peristaltic pump at constant flow rates (CP) of either 1L/min, 2L/min, or 3L/min (CP1, CP2, CP3, respectively). CP methods also included physical agitation on a shaker table during incubations. All lungs in the VP or CP groups were perfused with a precision peristaltic perfusion pump (Stockert-Shiley, Multiflow Roller Pump 10-00-00). Variable perfusion was initially utilized to test the feasibility of instilling decellularization fluids into porcine lungs and human lobes with a perfusion pump and to establish a range of flow rates which allowed inflation of the lungs and lobes without concomitantly causing gross damage to the decellularized scaffold. In instances where more than one lobe was available from an individual patient, upper lobes were exposed to 2L/min, lower lobes were exposed to 3L/min, and middle lobes at 1L/min. Complete details, including reagent volumes and incubation conditions are listed in Table 1 . All ILD samples were decellularized using 2L/min (CP2). The order of decellularization reagents-distilled water, 0.1% Triton X-100, 2% sodium deoxycholate (SDC), 1M sodium chloride (NaCl), DNAse, followed by terminal sterilization with peracetic acid (PAA)-is based on our previous work in rodent and non-human primate models [5, 7, 10, 11, 16, 17, 20] . All human and porcine lungs decellularized using the CP methods also received an increased final rinse volume at the completion of the decellularization protocol as compared to M and VP methods (Table 1) .
Prior to decellularization, individual human lobes were separated and the main stem bronchus and major vasculature inlets and outlets (see Supplementary Fig. 1 ) were rinsed with de-ionized (DI) water containing 5X penicillin/streptomycin (Lonza) using the assigned method of instillation. Half of the volumes used in each step were flushed through the airways via the trachea and the other half through the vasculature as detailed in Supplementary Figure 1 . All subsequent instillations into individual human lobes followed this manner of main bronchus airway instillation and all major vascular ports with half of the volumes being instilled through the main bronchus and half through the vasculature. The flow rates in VP were continuously adjusted from 0.5L/min to 2L/minute until the lobe was maximally inflated. Lobes were not exposed to flow during incubation steps, but were exposed to agitation on a shaker table in the CP methods.
Using the different manual or perfusion approaches, 0.1% Triton-X100 (Sigma) in DI water containing 5X pen/strep was infused through airway and all major vascular ports. Lungs were then submerged in a Triton-X100 solution and incubated for 24 hours at 4°C (with or without physical agitation, as outline d in Table 1 ). On day 2, the lungs were removed from the Triton-X100 solution and manually manipulated to assist in removal of decellularization fluids. DI water and 5X Pen/Strep were then instilled into the lobe as previously described. Removal of prior decellularization fluids was achieved in this manner after each step. Next, 2% sodium deoxycholate (SDC) (Sigma) in DI water containing 1X pen/strep was instilled into individual lobes, the lobe was then submerged in SDC solution and placed on a shaker table for 24 hours at 4°C. The next day, lungs were removed from the SDC solution and rinsed with DI water and 1X pen/strep. 1M NaCl (Sigma) and 5X pen/strep in DI water was then instilled into the lung and allowed to incubate for 1 hour at room temperature (∼25°C). Lungs were removed from the NaCl solution, rinsed with DI water and 1X pen/strep, and then instilled with 30µg/mL porcine pancreatic DNase (Sigma), 2mM CaCl 2 (Sigma), 1.3mM MgSO 4 (Sigma), and 5X pen/strep in DI water. Lobes were then submerged in the DNase solution and incubated for 1 hour at room temperature. The lungs were removed from the DNase solution and rinsed with DI water and 1X pen/strep. Human lungs were terminally sterilized using a 0.1% peracetic acid (Sigma) in 4% ethanol rinse for 60 minutes at room temperature. Finally, lungs were removed from the peracetic acid solution and rinsed with the storage solution (1X PBS, 5X pen/strep, 50mg/L gentamicin (Cellgro), 2.5ug/mL Amphotericin B (Cellgro). Lungs were subsequently stored submerged in storage solution at 4°C until need ed for up to three weeks. Owing to the shelf-life of the antimicrobial agents, lungs were removed and re-instilled with 4L of fresh storage solution every three weeks.
FLIR imaging (detailed below) was used throughout the decellularization procedure for VP and CPs to monitor distribution of the decellularization fluids during airway and vasculature instillation during each step of decellularization. Table 1 lists the volumes, flow rates, and experimental techniques used for each human lobe.
Decellularization of Porcine Lungs
Porcine heart lung blocs were explanted from 6-11 week old male pigs and subjected to whole organ perfusion decellularization using a similar protocol as outlined above. The average time from death to necropsy was 100 minutes. Similar groupings as used for the human lobes were used for porcine lungs: manual instillations of detergents (M), variable perfusion (VP), or constant flow rate perfusion instillation (CP) at 1L/min or 2L/min flow rates with (n=6 for each condition). A 3L/min flow rate was not used in porcine lungs as it was technically challenging to control the rapid inflation of the lungs. The same volumes and incubation conditions were used as with human lungs (Table 1) , but owing to the fact that the vasculature and airways were intact in the porcine whole lung-heart explants, vascular instillations occurred through the right ventricle and airway instillations occurred through the trachea. Following completion of the decellularization protocol, the heart was removed.
Assessment of Residual DNA
Approximately 1cm 3 biopsies were collected from various regions of each decellularized human lung and minced using scissors. Minced decellularized tissue was incubated in cell lysis solution (Qiagen) supplemented with 3µl proteinase K (Qiagen) at 58°C overnight with intermittent vortexing. 100µl of protein precipitation solution (Qiagen) was added and the solution was centrifuged at 13,000 RPM for 5 minutes. The supernatant was transferred to a new tube and the pellet was discarded. 300µl isopropanol was added and the solution was mixed by vortexing, followed by a 2 minute centrifugation at 13,000 RPM. The supernatant was discarded and the pellet was washed in 70% ethanol. After centrifuging at 13,000 RPM for 2 minutes, the supernatant was again discarded and the pellet was allowed to dry for 30 minutes at room temperature. The pellet was re-suspended in 100µl of DNase RNase free H 2 O and 10ul was run on a 0.8% agarose gel. DNA was visualized under UV light with ethidium bromide.
Assessment of Residual Detergents
Residual sodium deoxycholate concentration was determined from tracheal effluents using an optimized modified methylene blue (MB) assay [21, 22] . Effluents were sampled during each stage of lobar or whole lung decellularization and mixed to 1:200 (sample:MB; v/v) with 0.0126% MB (w/v) in deionized water. Samples were then vortexed and mixed 1:2 (v/v) in chloroform. Following a two minute incubation at room temperature, the bottom layer of the sample was extracted and absorbance was read at 630nm in a polypropylene 96-well plate. Standard curves, generated using the same method, were used to determine SDC concentrations.
Bronchoscopy and Angioscopy
Maintenance of major airways and vessels was assessed in acellular human and porcine lungs by bronchoscopy and angioscopy (Pentax flexible nasolaryngoscope (FNL-10RP3)).
Thermal Imaging
Temperature gradients were established between decellularized porcine lungs or human lobes by using tissue cooled to 4°C and by instilling room temperature (25°C) or prewarmed solutions (37°C) as indicated in the respective still images. Infrared imaging measures the surface emissivity of an object and therefore measured changes in temperature are a result of changes in surface temperature. Increased permeability in fluid pathways is reflected by a more diffuse and heterogeneous pattern of surface temperature changes with thermography, whereas intact fluid conduits result in homogeneous increases in surface temperature along the conduit and at its terminus. Thermographic still frames and live video were captured using a FLIR T400 (Harvard Apparatus, Holliston, MA) and analyzed offline using FLIR Tools+ (FLIR Systems, Inc. Boston, MA). The surface emissivity of the lung was assumed to be 0.98 (near black body) owing to its high water content and to match values used for other human tissue [23] .
Mass Spectrometry
Samples (∼125mg and 1 cm 3 , respectively for each sample) were excised from distinct regions of each lung following decellularization (total number for each lung is listed in Supplementary Table 2) . Each sample was then dried separately in a SpeedVac and suspended in 40µl of 100 mM ammonium bicarbonate (NH 4 HCO 3 ) and 50 mM dithiothreitol (DTT) and incubated at 56° C for 1 ho ur. Samples were then cooled and incubated for 30 minutes at room temperature in the dark in 5µl of 500 mM iodoacetamide in 100 mM NH 4 HCO 3 . The samples were again dried using a SpeedVac and the tissue was incubated overnight at 37° C in 50 µl of trypsin solution (10 ng/µl) in 50 mM NH 4 HCO 3 . 5 µl of 10% formic acid was then added to stop digestion. Each sample was centrifuged at 14,000g and 15 µl of supernatant was extracted and desalted using a ZipTip C18 (P10, Millipore Corporation, Billerica, MA) according to the manufacturer's protocol. Samples were dried again using a SpeedVac and peptide samples were then dissolved in 20 µl 0.1% formic acid and 2% acetonitrile. 6 µl of each sample was then loaded onto a fused silica microcapillary LC column (12 cm × 100 µm inner diameter) packed with C18 reversedphase resin (5 µm particle size; 20 nm pore size; Magic C18AQ, Michrom Bioresources Inc.). Peptide separation was performed using a gradient of 3-60% acetonitrile in 0.1% formic acid for 45 minutes at a flow rate of 250 nL/min. Samples were then introduced into a linear ion trap quadrupole (LTQ) Orbitrap Discovery mass spectrometer (Thermo Electron, San Jose, CA) using Nanospray ESI. All mass spectrometry (MS) data was acquired in a data-dependent acquisition mode, in which an Orbitrap survey scan from m/z 400-2000 (resolution: 30,000 FWHM at m/z 400) was paralleled by 10 LTQ MS/MS scans of the most abundant ions. Following completion of an LC-MS run, the obtained spectra were searched against the IPI Human protein sequence databases (V 3.75) and a local porcine protein database from the NCBI-nr database using SEQUEST (Bioworks software, version 3.3.1; Thermo Electron, San Jose, CA). A 100ppm precursor MS tolerance and a 1.0 Da MS/MS tolerance were used as search parameters. Carboxymethylation of cysteines (C) and oxidation of methionine (M) were allowed as variable modifications. One or two missed tryptic cleavages of peptides were also considered.
Cross-correlation (Xcorr) scores in excess of 1.9, 2.5, and 3.8 for peptide charge states of +1, +2, and +3, respectively, were set as cutoffs for SEQUEST assignments. Additionally, a delta-correlation (ΔCn) score > 0.1 was set as a cutoff.. Then, all SRF files for each sample were inputted into Scaffold (version Scaffold_4.0.5, Proteome Software Inc., Portland, OR) for the calculations of total spectral counts. Peptides were accepted and grouped if they could be established at greater than 99.0% probability [24] and peptide prophet FDR<0.1%. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins were assigned to different protein categories based on their predominant location using UniProt [7, 10] . Heatmaps were generated which expressed the number of observed spectra assigned to a particular protein from each sample of individual lobes decellularized using the various methods. Three random samples were dissected out from each acellular lobe in the 1, 2, and 3L/minute flow rates to obtain a representative mass spectrometry profile for that lobe and method. All mass spectrometric samples were run in replicate and the average number of spectral counts for a protein was used in subsequent analyses. Spearman's correlation was used, as described below, to determine intra-lobe variability and a nonparametric t-test between lobe averages.
Production of excised lung segments with calcium alginate coating and cellular inoculation
Following whole organ or lobular decellularization, small segments (∼1-3cm 3 ) of the lung were dissected out using a sterile razor blade and bronchovascular bundles were identified for cannulation and subsequent cellular inoculation. Airways or vasculature were cannulated using a 26 gauge luer stub or angiocatheter, respectively, and secured using sterile surgical clips. Airways were identified by wall rigidity or the presence of anthracotic pigment. Vasculature was identified by wall flexibility. (Still images and video acquired using DinoLite AM-413TA Digital Microscope, Harvard Apparatus, Holliston, MA). Segments were then coated with a 2.5% sodium alginate (Manugel GMB, FMC Biopolymer) solution in DI water followed by ionic crosslinking with a 3% calcium chloride solution. Following ionic crosslinking for 5 minutes, calcium alginate coated segments were seeded with the various cell types and incubated overnight at 37°C.
To assess the ability of calcium alginate hydrogels to prevent cellular adhesion on the artificial coating, 10,000 HLFs were seeded onto cast 2.5% calcium alginate hydrogel films and cultured for 24 hours. HLFs were similarly seeded onto tissue culture treated plastic as controls. Light microscopy was used to assess morphological adherence. Retention of cells inoculated into coated versus uncoated lung segments was determined by inoculating CBFs into excised segments and culturing overnight in 50mL conical tubes. 24 hours after inoculation, the coated or uncoated tissue segment was removed from the conical tube and the tube was centrifuged to pellet all cells which had not adhered to the scaffold or had leaked out of the scaffold. Non-retained viable and nonviable cells were quantified using a hemocytometer.
The ability of the acellular human and porcine scaffolds to support short and long term growth of cells was assessed by selectively inoculating cells through either airways (HLFs, HBEs, or HMSCs) or blood vessels (CBFs). Excised segments were cannulated, coated with calcium alginate, inflated with media and then seeded with 1-5×10 7 cells. The inoculated segments were then sliced into approximately 1mm sections with a sterile razor blade, individually placed into low attachment 24-well non-tissue culture treated plates, and incubated submerged in cell culture media for 1, 3, 7, 14, 21, or 28 days with media changes occurring every other day.
Lung histology
Representative segments excised from decellularized human and porcine lungs and inoculated lung slices harvested at each time point were fixed with 4% paraformaldehyde for 10 minutes at room temperature, embedded in paraffin, sliced into 5µm sections, and mounted on glass slides. Deparaffinized sections were stained with hematoxylin & eosin (H&E), Verhoeff's Van Gieson (EVG), Masson's Trichrome, or Alcian Blue and assessed by standard light microscopy [7, 10] . Similarly prepared native normal human lungs were used as controls. Representative mounted 5µm paraffin-fixed sections were deparaffinized and antigen retrieval performed by incubation in 10mM sodium citrate buffer (Dako, Carpentaria, CA) for 20 minutes at 98°C. Tissue sections were cooled at room temperature for 30 minutes and permeabilized with a 0.1% Triton-X solution (Sigma Aldrich, St. Louis, MO) for 15 minutes. Sections were then rinsed with two 5 minute washes of 1% BSA and then blocked for 60 minutes at room temperature using 10% goat serum. Primary antibodies were then applied overnight at 4° C inside a humidified chamber. Primary antibodies and their dilutions: purified mouse anti-fibronectin monoclonal (610077 fibronectin -1:100, BD Transduction Laboratories), laminin antibody polyclonal (ab11575 -1:100, Abcam), smooth muscle myosin heavy chain 2 polyclonal (ab53219 -1:100, Abcam), collagen I polyclonal (ab292 -1:100, Abcam), collagen 4 polyclonal (ab6586 -1:100, Abcam), rabbit polyclonal to alpha elastin (ab21607 -1:100, Abcam) and mouse clone anti-human actin polyclonal (1A4 -1:10,000, Dako).
Slides were then washed three times with 1% BSA solution for 5 minutes each, followed by secondary antibody incubation for 60 minutes at room temperature in a dark humidified chamber (Secondary antibodies: Alexa Fluor 568 goat anti-rabbit IgG (H+L) (1:500, Invitrogen, Grand Isle, NY) or Alexa Fluor 568 F(ab') 2 fragment of goat anti-mouse IgG (H +L) (1:500, Invitrogen, Grand Isle, NY)). Tissue sections were again washed three times (1% BSA solution for 5 minutes each) in the dark at room temperature followed by DAPI nuclear staining for 5 minutes in the dark. Samples were washed twice with 1% BSA solution for 5 minutes each and mounted in Aqua Polymount (Lerner Laboratories, Pittsburg, PA). All samples were imaged using a BX50 fluorescent microscope (Olympus).
Transmission Electron Microscopy (TEM)
Representative segments excised from decellularized human and porcine lungs were fixed overnight at 4°C in Karnovsky's fixative (2.5% glutaraldehyde, 1.0% paraformaldehyde in 0.1M cacodylate buffer, pH 7.2). The tissue was rinsed in cacodylate buffer and minced into 1mm 3 pieces and fixed in 1% osmium tetroxide for 2 hours at 4°C. After additional rinses in cacodylate buffer, tissue samples were dehydrated using a graded ethanol scheme, cleared in propylene oxide, and embedded in Spurr's epoxy resin. One micron sections were cut using a glass knife on a Reichert ultracut microtome and stained with methylene blue-azure II. Samples with distal airways, alveolar septae and blood vessels were chosen for further processing. Ultrathin sections (60-80nm) were cut using a diamond knife and retrieved onto thin bar nickel grids (200 mesh). Sections were contrasted with 2% uranyl acetate in 50% ethanol and lead citrate, and examined with a JEOL 1400 TEM (JEOL USA, Inc, Peabody, Ma) at an operating voltage of 60kV.
Statistical Analyses
The natural log of total spectral counts for each positively identified protein in the mass spectrometric analyses of lobes decellularized under each experimental condition were used in generating heatmaps using the 'pheatmap' package for 'R' statistical software (version 2.15.1). Due to the non-normality of the data and the small sample sizes per group, two group comparisons were done using the non-parametric exact permutation test with p<0.05 considered statistically significant [25] . In order to test for concordance between individual lung samples taken from the same acellular human lobes by mass spectrometry, Spearman rank correlations between each pair of samples were obtained. Correlations were considered statistically significant at p <0.05. The Spearman correlation coefficients between all lobe samples were also used as data in generating heatmaps using the 'pheatmap' package. For these heatmaps, agglomerative hierarchical clustering was performed using the "complete linkage" method. The exact permutation tests and rank correlation estimates were obtained using SAS statistical software, version 9.2.
Results
Strategies for Acellular Scaffold Preparation from Human or Porcine Lungs
Decellularization of Cadaveric Human and Porcine Lungs-Normal cadaveric human lungs, obtained from patients without a history of smoking or significant pulmonary disease, were used in the current study (19 patients, 29 lobes) and assigned to one of five different decellularization methods: M, VP, CP1, CP2, or CP3 (detailed in Methods and Table 1 ; Clinical characteristics of cadaveric human lungs are listed in Supplementary Table  1 ). The order of decellularization reagents is based on our previous work in rodent and nonhuman primate models [5, 7, 10, 11, 16, 17, 20] . (See Supplementary Fig. 1 which details instillation of decellularization fluids into individual human lung lobes). Similarly, 23 whole porcine lungs were obtained from healthy pigs and decellularized by one of four decellularization protocols (M, VP, CP1, or CP2). The full decellularization protocol is detailed in the online Methods and outlined in Table 1 . An overall schematic of the experimental approach is depicted in Figure 1 .
Endpoint Assessments of Decellularization
Gross Observations of Decellularization-Qualitatively, there was a progressive loss of pink pigmentation during each stage of decellularization in human and porcine lobes. While small, distinct pink regions occasionally remained following final detergent (SDC) incubation in perfusion based methods (VP and CP groups), these regions were absent at the completion of the entire protocol ( Fig. 2A and Supplementary Figs. 2a and 2b for porcine lungs). CP methods in both human and porcine lungs consistently generated scaffolds where this was minimized and the lungs were a translucent white following terminal sterilization with peracetic acid and final rinsing ( Fig. 2A and Supplementary Fig. 2a ). There were no obvious, gross differences between VP or CP groups at the completion of the decellularization protocol. These results contrast with those observed using manual decellularization of human and porcine lobes in which scattered areas of dark pink pigmentation frequently remained at completion of the full decellularization protocol (Supplementary Fig. 2b ). Lungs from patients with ILD were all exposed to CP2 and regularly still contained heterogeneously scattered regions with pigmentation ( Supplementary Fig. 2c ) indicating the difficulty in decellularizing fibrotic lungs, even with the use of a more physically aggressive approach.
Bronchoscopy and angioscopy of representative acellular human lung lobes and an acellular porcine lung generated from the CP2 method demonstrated intact major airway and vascular architecture ( Fig. 2B and Supplementary Movie 1) . Interestingly, after the first day of decellularization in porcine lungs, scattered pleural blebs were regularly observed, regardless of method ( Supplementary Fig. 2a) , a phenomenon not observed in human lungs. This may reflect lack of collateral ventilation between alveoli in pig lungs [26] that could conceivably result in focal areas of high pressures in distal airspaces with microscopic areas of rupture and concomitant pleural dissociation from the lung parenchyma. It is unclear whether tears sealed with fibrin glue in previous work decellularizing pig lungs are similar to the blebs we observed [12] . However, these pleural blebs did not grossly appear to interfere with subsequent decellularization steps or with recellularization [12] .
Thermography Can Be Used to Monitor Decellularization-Thermographic analysis was used to assess efficacy of variable and constant flow rate perfusions and to visualize distribution and pathways of decellularization fluids in real time (principles of thermography are demonstrated in Supplementary Movie 2). This technique is also useful for detecting gross leaks or blockages of perfusates. On day one, perfusates initially filled distal airspaces followed by expansion into the more proximal lung. However, beginning on day two, a more diffuse pattern of surface temperature changes was observed in proximal regions followed by distal regions (representative porcine lung shown in Supplementary Movie 2). This indicates that there is increased permeability as the lung is decellularized, likely a result of the removal of cells which form the endothelial-epithelial barrier. However, despite these changes, thermographic assessment demonstrated gross maintenance of both the airway and vascular architecture at the conclusion of the decellularization protocol and confirmed that the use of flow rates up to 3L/min in human lungs and 2L/min in porcine lungs had no visible deleterious effects (i.e. inducing major structural damage or occlusions in airways or vascular pathways) (Fig. 2C, Supplementary Figs. 2d and 2e) . No obvious differences in perfusion patterns were observed between the different CP methods.
Comparative Histologic Assessment of Decellularization Protocols-While
there is, as yet, no unifying criterion for defining decellularized tissue, we and others have used complete removal of cellular nuclei and maintenance of major ECM architecture as baseline characteristics [6, [27] [28] [29] . In contrast to rodent lungs, manual approaches in human and porcine lungs frequently resulted in heterogeneous decellularization and often contained regions with apparent intact nuclei by histologic staining (Supplementary Figs 3a-c) . VP, with flow rates ranging from 0.5L/min to 2L/min through both airways and vasculature, improved the consistency of removal of intact nuclei and cellular material, but scattered regions with significant cellular debris remained (Supplementary Fig. 3a) . In contrast, CP methods (use of fixed flow rates, physical agitation by slowly rocking the lungs during incubation steps, and increased rinse volumes), resulted in more consistent removal of cellular nuclei with qualitative maintenance of ECM architecture in both pig and human lungs (Fig. 3A and 3B, Supplementary Fig. 3c ). As expected following gross inspection of ILD lungs, particularly the two IPF lungs, the use of the CP2 method resulted in heterogeneous efficacy of decellularization which did not appear to coincide with any particular architectural morphology in IPF lungs (Supplementary Fig. 3d ).
Immunohistochemical analysis confirmed removal of cellular nuclei, assessed by DAPI staining, and retention of major ECM proteins-collagen I, collagen IV, laminin, fibronectin -in all CP methods (Fig. 3B ) and in acellular regions from manually decellularized lungs ( Supplementary Fig. 3e ). However, consistent with our previous studies in decellularized mouse lungs [5, 7, 10, 11] and recent reports in human and porcine lungs [12, 14] , there was qualitative loss of elastin following decellularization with all CP methods in human lungs (Fig. 3A) . Smooth muscle myosin (SMM) and smooth muscle actin (SMA) were found to be retained following decellularization with all methods (Fig. 3C and Supplementary Fig. 3e ). While there were no significant qualitative differences observed in ECM retention or removal of SMM or SMA between the different flow rates in human or porcine lungs, CP2 seemed to qualitatively open alveolar spaces with a higher degree of fidelity while preserving architecture.
Although cellular debris was visible by histologic evaluation in manual and, to some extent, in VP methods, (Supplementary Fig. 3a) , there was minimal cellular debris observed by light or fluorescence microscopy in CP methods in either porcine or human lungs ( Fig. 3A and Supplementary Fig. 3c) . However, electron microscopy demonstrated that residual cellular debris was still present after each method, a finding more pronounced in manually decellularized lungs compared to those decellularized using perfusion methods ( Figure 4A -C). This indicates that despite scaffolds decellularized using CP methods being consistently devoid of detectable cellular bodies, intact nuclei, and cellular debris by light microscopy, there can still be residual cellular components in these constructs. Much of the residual debris in the CP methods, some of which appeared to correspond with residual SMA and SMM, was found lining the basement membrane in small vessels and airways ( Fig. 3c and Supplementary Fig. 3e) , and was more pronounced in the manual and VP methods ( Supplementary Figs. 3a and 3b) .
Mass Spectrometric Assessment-We have previously shown in mouse models, including models of age and lung injury [5, 7, 10, 11] , that semi-quantitative proteomics is a powerful means of assessing residual proteins following lung decellularization. Owing to the potential heterogeneity which can exist in decellularizing normal large animal or human lungs, we sampled each individual lobe in two or more locations and found that overall there was high intra-lobe correlation in human lungs decellularized using the CP methods (Supplementary Figs. 4a-c and Supplementary Table 2-4). While human lungs decellularized by manual instillation also had significant correlations (Supplementary Figs. 4d and 4e), samples were only excised from regions which appeared grossly decellularized and are therefore not adequate representative samples for the heterogeneity which can exist in an entire lobe. Therefore, we used the average of these samples to represent single lobes for comparing residual proteins using each method of decellularization for human and porcine lungs (Fig. 5A, Supplementary Fig. 4f ).
As decellularized scaffolds may be idealized as being composed of ECM proteins with no remaining cellular materials, we initially utilized mass spectrometry to compare residual ECM proteins in scaffolds produced using each method of decellularization. Major ECM proteins, including collagens and laminins, were detected but no significant differences were detected between decellularization methods in human or porcine scaffolds, indicating these proteins were largely preserved (Fig. 5A, Supplementary Figs. 4a and 4b, Supplementary  Table 2-4) . However, fibronectin was significantly decreased in human lungs decellularized using CP2 and CP3 as compared to manual methods. This trend was mimicked in porcine lungs where fibronectin was also significantly decreased in CP versus VP methods. This indicates that more aggressive physical means of decellularizing scaffolds and/or increased rinse volumes may remove more fibronectin. However, our method of mass spectrometry is more sensitive to readily soluble proteins and alternative means detecting poorly soluble ECM proteins are necessary for complete mass spectrometric comparisons [30] . Cytoskeletal proteins were regularly detected by mass spectrometry in both human and porcine lungs, matching immunofluorescent staining observations. Tubulin and myosin were significantly decreased in CP as compared to M and VP, again indicating that physical agitation and increased volumes assisted in their removal.
The amounts of observed residual non-ECM proteins was related to the amount of debris observed on histologic sections and electron micrographs, which appears to be, in part, cytoskeletal proteins (Fig. 3A, Supplementary Figs . 3a-c and Figure 4 ). Although there were no statistically significant differences among individual proteins, more cell-associated and secreted proteins were detected in M and VP methods ( Fig. 5a and Supplementary Table 5-7) . Therefore, the use of sufficient but not excessive shear flow, physical agitation during incubations, and sufficient volumes seem to be critical in deriving acellular scaffolds in porcine and human lungs which have enhanced removal of cellular debris.
Of particular note, there was high intra-lobe correlation and significant clustering of Spearman's correlation coefficients between proteomic profiles of individual samples from a single patient, regardless of flow rate used for CP methods (Fig. 5B) . While lungs decellularized manually also demonstrated significant intra-lobe correlation, there was a trend towards more variability between samples ( Supplementary Figs. 4d and 4e) . High correlation among individual samples from the same patient highlights that differences due to lung origin, including potential pathologies, are largely preserved regardless of the decellularization method, a phenomenon we have previously observed in rodent models of decellularized age and injured lungs [7] . This may be a critical factor in determining which lungs are ultimately usable for clinical recellularization schemes. Importantly, this provides the basis for use of human and porcine scaffolds as powerful tools for studying cell behavior in diseased acellular lungs.
Residual genomic DNA and detergents-The presence of residual genomic DNA has been used to assess the efficacy of decellularization methods in lung and other organs [27] . Therefore, in addition to assessing removal of cellular materials by histology and mass spectrometry, genomic DNA was isolated from lungs decellularized using the different methods and visualized by gel electrophoresis (Supplementary Figs. 5a and 5b) . Notably, despite the use of DNAse, residual DNA was commonly detected. Overall, lungs decellularized using perfusion based methods resulted in enhanced removal and fragmentation of residual DNA (Supplementary Fig. 5b ). Regional heterogeneity was assessed by further sampling 10 separate locations from an individual acellular human lung lobe, decellularized using the CP1 method, in which high amounts of residual DNA were observed by gel electrophoresis (Supplementary Fig. 5b ). Qualitatively, large differences existed in residual genomic DNA in the different samples (Supplementary Fig. 5b) , confirming the heterogeneity which can remain in acellular lungs of large animals and humans.
The detergents used to decellularize whole organs and tissues are known to be cytotoxic in high concentrations and also to induce matrix metalloproteinase activity [11] . Therefore complete removal of detergents is likely necessary prior to recellularization. Through the use of an optimized modification of a methylene blue assay [22, 31] , we were able to determine suitable DI water rinse volumes between detergent incubations and found that increasing final PBS rinse volumes improves detergent removal (Supplementary Fig. 5c ). These modifications to the protocol dramatically enhanced cell survival following compartmental inoculation.
Scaffold sterilization-The optimal means of sterilizing acellular large animal or human lungs remains unclear. Acellular scaffolds have been sterilized using techniques such as gamma irradiation, ethylene oxide, and acid incubations [27] . In our previous work, we found that the use of low level irradiation resulted in significant structural damage to decellularized mouse lungs [10] . In contrast, use of a final rinse with peracetic acid (PAA), a commonly utilized approach in other acellular tissues, did not adversely affect recellularization in decellularized mouse lungs, despite its potential denaturing effect [10] . Therefore, owing to difficulties in maintaining sterility in manually decellularized lungs, we incorporated terminal sterilization using PAA for both porcine and human lungs. Subsequent cold storage (4°C) of the decellularized lungs immersed in sterile PBS with anti-microbial agents resulted in minimal bacterial and fungal contamination for up to three weeks without solution changes. One human lung, which was decellularized using CP1, became contaminated with Serratia marcescans after 3 weeks and another human lung decellularized with CP2 was contaminated with Penicillium after three weeks (data not shown; speciation determined by 16s rRNA primers). Both of these lungs were also positive for Mucor (data not shown; speciation evaluated by morphology). As these technologies are translated towards the clinic, more optimal means of ensuring sterility and storage will be critical.
Strategies for High Throughput Recellularization Studies
To maximize study and use of these larger lungs, we developed a method to excise small segments (1-3cm 3 ) from acellular scaffolds, each with identifiable airway and vascular conduits (Fig. 6A) . Further, since the function and integrity of the pleura is compromised following excision, we sought a non-cytotoxic material which could be applied to acellular lung segments to form an intact artificial pleural coating where both the method of application and final material were non-cytotoxic and cells would preferentially adhere to the acellular tissue. A variety of coating materials such as silicone, latex, and agar proved either ineffective or toxic to inoculated cells. Notably, with the use of agar, the majority of cells inoculated into the scaffolds were found embedded in the agar coating rather than remaining in the lungs.
Alginate, derived from brown sea algae, has been increasingly recognized as a versatile biomaterial and is currently being explored for potential use in drug delivery, cell encapsulation and tissue engineering [32, 33] . In particular, sodium alginate is soluble in aqueous solutions and can form a stable hydrogel with a variety of geometries following ionic crosslinking with divalent ions (Ca 2+ , Ba 2+ , etc.) at room temperature [34] . Calciumcrosslinked alginate hydrogels are largely regarded as bioinert and have been shown to be non-cytotoxic both in vitro and in vivo [33] . It is generally well accepted that mammalian cells cannot interact with the hydrogel unless RGD peptide sequences or an equivalent are covalently immobilized to the monomers [35, 36] . Consequently, we reasoned that calcium alginate would be an ideal material for use as a coating for selective vascular and airway cellular inoculations into acellular lung segments. Small airways or vessels can be identified and cannulated in excised segments of acellular human or porcine lung for cell inoculations. Segments can then be directly coated with sodium alginate solution and ionically crosslinked with calcium chloride solution to produce a hydrogel which serves as a synthetic pleura to both enhance cellular retention and to promote adherence to the scaffold (Supplementary Figs. 6a-c) . We found that the use of calcium alginate as an artificial pleura both prevented cellular adhesion of several test cell types including epithelial cells and human lung fibroblasts (HLFs) and in particular significantly enhanced retention of pulmonary vascular endothelial cells inoculated into acellular segments of human and porcine lungs ( Supplementary Figs. 6b and 6c) . HLFs plated on the control (tissue culture plastic) can be seen adopting an adherent phenotype after 24 hours while HLFs seeded on a cast calcium alginate hydrogel remain spherical and non-adherent ( Supplementary Fig. 6b) . Further, the calcium alginate coating permits selective inoculation of cells into their biologically relevant compartment and retains cells with high fidelity in airways or vasculature of acellular segments (Figs. 6A and 6B ).
Recellularizing acellular scaffolds using this approach thus provides multiple samples from an individual decellularized large lung or lobe and provides a readily available threedimensional platform which can be used to more easily and effectively study cellular behavior in physiologic and diseased matrices. Following cell inoculation, these segments can then either be cultured as whole segments or further sliced into thin tissue segments for use in high throughput studies (Fig. 1) . Using this technique to generate slices, we have been able to investigate growth and behavior of a number of different cell types inoculated into acellular human and porcine scaffolds and cultured for up to 28 days (Figure 7 and Supplementary Figure 7) . We have also used this approach to study differences in recellularization of lungs obtained from patients with emphysema versus more normal lungs (Wagner et al, manuscript submitted). As such these are powerful and effective techniques that allow more effective use of acellular tissue from large animal and human lungs.
Discussion
One of the primary goals in developing techniques to derive acellular scaffolds from large animal and human lungs is as a potential tissue engineering platform for development of functional lung tissue that can be used in clinical transplantation. Several approaches have been tested in large animal and human lungs, such as continuous whole lung perfusion in a bioreactor chamber [12] , manual instillation of fluids [1, 8] , and exposing excised sheets of lung tissue to decellularization fluids in the presence of physical agitation [14] . However, there is no consensus defining quantitative criteria for assessing acellular scaffolds or for determining the suitability of a particular decellularization method. We therefore used a combination of qualitative (histologic, immunofluorescent, residual DNA assessment, thermography and bronchoscopy/angioscopy) as well as quantitative and semi-quantitative measurements (residual detergent assays and mass spectrometry) to comparatively assess different protocols for decellularizing porcine and human lungs. In general, we found that the combined approach of instilling decellularizing reagents at 2L/min using both airway and vascular perfusions, subjecting the scaffolds to physical agitation during incubation steps, and increasing rinse volumes (CP2 method) to be the most consistent in preserving native architecture, removing residual detergents, and removing residual DNA, cellassociated and secreted proteins, and residual cellular debris in acellular scaffolds. This method provides a reliable means for effectively decellularizing normal human and porcine lungs and also from lungs from patients with emphysema (Wagner et al manuscript submitted). However, despite the overall success of this approach, we found it to be largely inefficient in generating uniformly acellular scaffolds from human lungs with ILD, particularly IPF. The large number of cell associated proteins identified in a previous report describing decellularization of human IPF lungs reinforces the difficulty in generating uniformly acellular human lung scaffolds using whole organ or lobar perfusion decellularization in fibrotic lungs or in other conditions where vascular or airway access of decellularization reagents may be more limited [8] .
While we did not measure instillation pressures, there was no evidence that the flow rates utilized caused gross or local damage to the resulting scaffolds. Use of high pressures or flow rates, coupled with prolonged exposure to denaturing detergents, may cause excessive damage to the resulting scaffold, particularly capillary networks and alveolar walls. In contrast, the use of lower flow rates or pressures might minimize potential architectural damage, but may not be sufficient, even during prolonged instillation, to open distal airspaces or capillary beds which readily collapse with the weight of the tissue. This may be particularly problematic if there is any underlying fibrotic lung disease, such as observed with lungs from ILD patients.
The choice of detergents to be utilized in lung decellularization schemes is not clear. Different laboratories have utilized sodium dodecyl sulfate (SDS), SDC/Triton, CHAPS, or a 3-step Tween/SDC/PAA in both rodent lungs and in larger lungs [2-5, 7, 8, 10-12, 14-17, 20] . The use of moderate perfusion has been shown to not significantly alter mechanical properties [37] , but the choice of detergent has been shown to impact mechanical properties [11, 14, 37, 38] . We have previously comparatively assessed different detergent schemes for rodent lung decellularization and found differences in the resulting histologic architecture, lung mechanics, residual ECM and non-ECM proteins, and activation of matrix metalloproteinases [11] . However, despite these differences, growth of both murine nonlung cells (mesenchymal stem cells (mMSCs)) and mouse alveolar epithelial cells (C10 cells) inoculated into acellular lungs appeared comparable over a one month period. Mechanical analysis showed that the SDC/Triton protocol appeared to maintain the mechanical integrity of the lung with the highest fidelity. As such, we utilized the SDC/ Triton approach originally described by Price and colleagues [2] and successfully utilized by our group in rodent and primate lungs [5, 7, 10, 11, 16, 17, 20] to develop the techniques for the larger pig and human lungs.
Recellularization of acellular lung scaffolds has been largely explored in rodent models, where native routes of airway and vascular inoculations are preserved. Current approaches for studying recellularization of acellular large lung scaffolds rely on monolayer seedings, incubations in cell suspensions, or non-specific injections into thicker slices. While all of these techniques are useful in determining the biocompatibility of acellular scaffolds, these seeding methods do not permit the introduction of cells with specific ECM environments, and instead rely on stochastic interaction for initial binding. Generation of functional lung tissue from acellular scaffolds will likely rely on introduction of specific cell types into their respective airway or vascular compartments. The inoculation techniques we introduce here are a significant methodological advantage over current techniques which rely on monolayer seedings [8, 14] on thin slices of acellular lung or non-specific injection of cells into thicker segments [12] .
Development of a suitable acellular lung scaffold for tissue engineering will require extensive studies with different cell types, media, growth factors, and other environmental factors such as mechanical ventilation and vascular perfusion, or combinations thereof [6] . Therefore, it is critical that high throughput techniques are available for studying these different parameters. Further, acellular scaffolds retain characteristics of lung origin, indicating that scaffolds derived using these methods also offer unique opportunities to use acellular human or porcine lung from diseased lungs for high throughput lung biology studies, particularly cell-ECM interactions, which might yield insights into the underlying causes of diseases. However, care must be taken to ensure adequate decellularization, particularly of fibrotic lungs, in order to best utilize and study diseased acellular lung scaffolds.
Conclusions
Acellular whole porcine lungs or human lobes can be decellularized using a combined perfusion and physical agitation approach that retains key ECM proteins, minimizes residual cellular debris, and retains gross airway and vascular architecture. To maximize use of the larger acellular lungs, we developed a technique to excise small pieces with identifiable bronchovascular bundles. By coating the excised segments with calcium alginate prior to cell inoculations, we are able to inflate individual segments through identifiable airways or blood vessels and preferentially inoculate cells into either airway or vascular components. This technique increased the retention of inoculated cells and permitted multiple thin slices to be subsequently generated for high throughput, long term culture. Importantly we found that using this approach, both porcine and human scaffolds could be repopulated with several human lung cell types, HBEs, HLFs, CBFs, and also with non-lung hMSCs and that these cells survived up to at least 28 days in acellular human and porcine scaffolds.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Following whole organ or lobar perfusion decellularization, three-dimensional segments of acellular lung can be excised which retain their native airway and vascular architecture. Small airways and vessels are easily identifiable and can be cannulated to allow for vascular or airway cell inoculations when a calcium alginate coating is used to seal the segment as an artificial pleura. These segments can then be further sliced for high throughput analysis and cells are shown to be retained in the vasculature following vascular inoculation (CBFs) or in the airspaces following airway inoculation (HBEs). Cells can be seen to be maintained in their inoculated compartments, indicating that the integrity of these individual networks is largely maintained following decellularization. Supplementary  Movie 1 for video) C) Thermographic imaging is a powerful tool for examining perfusion pathways in real time during tissue decellularization and for evaluating preservation of airway and vascular systems in acellular scaffolds. Representative still images from thermographic analysis demonstrate maintenance of airway and vasculature using infrared imaging following human lobar decellularization at 2L/min instillation (CP2).Online supplement contains comparable still image panels following decellularization at 1L/min and 3L/min in acellular human lobes (See Supplementary Figs. 2C and 2D for still images of airway instillation at 1L/min or 2L/min into the bronchi of acellular human lobes, respectively). Human lobes were chilled at 4°C in PBS after completion of the decellularization protocol. DI water was warmed to 37°C to create a thermal gradient (temperature scale bar shown) for detection by the FLIR camera. Qualitatively, the branching architecture of the acellular scaffold is largely maintained and proximal followed by distal regions can be seen receiving the warmed DI water solutions as evidenced by changes in surface temperature (indicated by light blue to red color changes). (See Supplementary Movie 2, available online, showing principles of thermography and its use for monitoring perfusion instillation of detergents throughout decellularization of a whole porcine lung at 2L/min.). Representative immunofluorescent photomicrographs demonstrate maintenance of ECM proteins and architecture following decellularization using CP methods. As consistent with histologic evaluation, CP2 and CP3 qualitatively results in optimal opening of distal airspaces and blood vessels as compared to CP1. C) Representative immunofluorescent photomicrographs demonstrating retention of smooth muscle actin and smooth muscle myosin in all CP methods. Nuclear DAPI staining is depicted in blue, and the stain(s) of interest are depicted in green in each respective panel. Lam = laminin, Col-1 = type I Figure 4 . Use of perfusion pumps and physical agitation during cadaveric human lung lobar decellularization enhances removal of cellular material and preserves architecture (a) Electron micrographs of human tissue following manual instillation of decellularization reagents confirm that these lungs were heterogeneously decellularized and that significant amounts of cellular debris remain in interstitial spaces. (b) Electron micrographs of human tissue following variable flow rate perfusion instillation of decellularization reagents demonstrates that the use of a perfusion pump for instilling fluids enhances the removal of cell debris and more readily clears debris from small capillaries (labeled "ca"). (c) Electron micrographs of human tissue following constant flow rate perfusion instillation with physical agitation during incubation steps demonstrates more homogeneous clearing of interstitial spaces and capillaries. Lungs decellularized using this method, irrespective of flow rate, appeared to remove intact cellular bodies and retain characteristic normal alveolar septa. Collagen and elastin are indicated with black arrows. Scale bars for EM images are labeled on each inset. A) Positively identified proteins in decellularized human lungs (i.e. those proteins which exceeded the FDR cutoff for identification) from each method of decellularization were assigned to groups according to subcellular location (cytoskeletal, cytosolic, ECM, membrane-associated, nuclear, and secreted). Heatmaps were generated using the log normal transformation of total spectral counts for all positively identified proteins and grouped by category (See Supplementary Fig. 4A for heatmaps of individual acellular human samples from each lobe). Total spectral counts and statistical analyses for all identified proteins by mass spectrometry are included in Supplementary Tables 2-7 . The key to human protein identification is in Supplementary Table 8. (Methods of decellularization are described in Table 1 ; CP1 (n=3 lobes), CP2 (n=4 lobes), and CP3 (n=4 lobes)) B) Three Figure 6 . Excised segments of acellular human lung can be selectively seeded through airways or vasculature with the use of a calcium alginate coating A) Small airways and vessels can be identified in acellular segments, cannulated and secured with surgical clips for controlled cellular inoculation. Segments can be coated with a 2.5% sodium alginate solution and ionically crosslinked with a 3% calcium chloride solution to create a hydrogel coating (See Supplementary Fig. 5A ). Calcium alginate does not permit cellular adhesion of HLFs and promotes retention of cells in the three-dimensional segment (See Supplementary Figs. 5B and 5C) . B) Endothelial progenitor cells (CBF12) inoculated through the vasculature of a calcium alginate coated segment excised from an acellular scaffold decellularized at 2L/min are retained in blood vessels after 24 hours of culture. Human bronchial epithelial cells inoculated through a small airway are retained in the airspaces after 24 hours of culture. Cells were seeded in three-dimensional segments, allowed to adhere overnight, and subsequently sliced and cultured in low attachment tissue culture plates for use in high throughput studies. A) HLF, HBE, and hMSC cells inoculated through small airways in acellular human segments and sliced into thin (∼1mm) sections of tissue can be cultured for at least 28 days for high throughput assessments of different culture conditions. Representative H and E photomicrographs depict characteristic recellularization patterns one day after inoculation as well as the last day viable cells could be observed. Subpanels A-H are representative images for each cell type. Engrafted cells in acellular human lungs predominantly acquired characteristic adherent, flattened phenotypes. B) High power images of the last time points Table 1 Methods of decellularizing human and porcine lungs 
